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6-Fluorouracil inhibits the formation of MS2 measured as infective units or 
physical phege particles. Addition of the base analog during the first 13 minutes 
after infection has a greater effect than addition at a later time. Whereas 30 pg/ml. 
6-fluorourrtcil added at five minutes after infection results in a marked decreaae 
in progeny phage particles, later addition of FTJt allows up to 60% normal yield 
of physicd phage, some of which contains FU. FU phage has a greater buoyant 
density in CsCl than normal MS2, the density being directly related to the degree 
of replacement of uracil by FU. This density shift is due to  an incrertsed buoyant 
density of FU-RNA, measured in cesium sulphate. FU phage and FU-RNA 
have normal sedimentation coefficients, and the T, of FU-RNA, in which 80% 
of the uracil is replaced by FU, is the same as that of normal MS2 RNA. The 
specific infectivity of this highly replaced FU phage is about 20% of normal. 

1. Introduction 
Halogenated pyrimidines have been shown to replace analogous bases in nucleic 
acids, leading to molecules with altered properties. BU, for example, replaces thymine 
in DNA (Dum & Smith, 1954; Zamenhoff & Griboff, 1954) and the reaulting BU- 
DNA has a greater buoyant density than normal (Meselson, Stahl & Vinograd, 
1957). "his property has been used extensively to study the fate and function of 
DNA molecules. BU is also mutagenic, presumably by inducing base-pairing errors 
during or after incorporation into DNA (Litman & Pardee, 1966; Freese, 1959). 
Whereas BU is a thymine analog, the related FU is incorporated into RNA in place 
of uracil (Horowitz & Chargaff, 1959). In  the case of an RNA virus, replacement of 
uracil by FU leads to virus particles with increased buoyant density (Shimura & 
Nathans, 1964). Bacterial cells grown in the presence of FU produce modified proteins 
(Naono & Gros, 1960); this effect has been ascribed to base-pairing errors when 
aminoacyl tmnsfer RNA binds to FU-containing messenger RNA on the ribosome 
(Champe & Benzer, 1962). The availability of an RNA bacteriophage containing FTJ 
affords an opportunity to explore further the effect of l?U on the function of messenger 
RNA. 

I n  this report we detail the method of preparation of coliphage MS2 (Strauss & 
Sinsheimer, 1963) containing FU (FU phage), previously outlined in a preliminary 
note (Shimura & Nathans, 1964), and present observations on the physical properties 
and infectivity of the analog-confaining virus. In  a later paper we shall describe 

t Abbreviations uaed: FU, 5-fluorouracil; BU, 6-bromouracil; TCA, trichloroacetic acid; 
FUMP. 5-fluorouridine monophosphate; p.f.u., plaque forming unita; T,, melting temperature. 
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the  process of infection with FU phage and the characteristics of cell-free protein 
synthesis in the presence of FU-containing RNA. 

2. Materials and Methods 
Growth of MS2: MS2 and its host Escherichia coli C3000 were obtained from R. L. 

Sinsheimer. Escherichia coli was grown in a salts-glutamate medium, containing /l,, 
1.33 g KH,P04, 13-3 g KPHP04, 2-0 g NH,Cl, 3-0 mg FeS04,7Hz0, 0.40 g MgS04,7H,0, 
6.7 g monosodium glutamate, 10 g glucose and 10 mg thiamine hydrochloride. For growth 
of MS2, CaCl, was added to give a h a 1  concentration of 0.0005 M. I n  experiments with 
sap, 13 g/l. of tris waa substituted for phosphate, which was present a t  a concentration of 
6 x lo-' M, and the pH adjusted to 7.2 with HCI. 

I n  the preparation of MS2, cells et a concentration of about 8 x 108/ml. were generally 
infected a t  an input multiplicity of 10 and phage harvested a t  60 min by a procedure 
based on that of Cooper & Zinder (1963) for coliphage f2. Infected bacteria were shaken 
with chloroform and incubated with 0.1 mg/ml. of egg white lysozyme. After 1 hr a t  room 
temperature, the lysate could be stored overnight at 4°C. 320 g of solid ammonium sulfate 
waa added /l., and after being stirred for 30 rnin a t  4OC. the suspension was centrifuged at 
10,000 g for 20 min. The precipitate was suspended in 0.01 M-tris-HCl (pH 7.4)-0.01 M- 
magnesium acetate (tris-Mg) a t  room temperature (20 ml./l. of lysate) and pancreatic 
DNase added to give a concentration of 6 pg/ml. After standing at room temperature for 
1 hr, the extract could be stored overnight at 4°C. The extract was centrifuged at 15,000 g 
for 10 min and the precipitate extracted with 10 ml. of tris-Mg four more times. The 
combined supernatant solutions were centrifuged at 100,000 g for 90 min and the  pellets 
resuspended in tris-Mg. To each 3.3 ml. of phage suspension 2.1 g of CsCl were added and 
the solution centrifuged at 37,000 rev./min in th0 SW39 Spinco rotor for 20 hr. One-drop 
fractions were collected and where necessary the pooled pheLge fractions were dialyzed 
t o  remove CsCl. The density of CSCl fractions was determined b y  direct weighing of 
0.025-ml. portions. 

Aesay of MS2 was carried out as described by Cooper & Zinder (1962) for f2. I n  a11 
cases where lysates were amayed, the cells were first lysed with chloroform and lysozyme. 

MS2 RNA was extracted from purified phage in 0.1 x-sodium phosphate (pH 6.8) by 
two succeseive treatments with 90% phenol 8t 4°C. The final aqueous layer ww extraoted 
6 times with ether and bubbled with nitrogen to remove residual ether. 

Percentage replaeentent of uracil by F U  waa determined on alkaline hydrolysates of 
32P-labeled FU-RNA by counting UM3,P and FUM32P separated by electrophoresis on 
Whatman 3MM paper at 35 v/cm for 2 hr in borate buffer at pH 9.3 (Gordon & Stashelin, 
1959). 

Separation of 2',3'-AMP and 2',3'-BMP from alkaline hydrolysates of RNA wa8 
accomplished by ascending chromatography on acid-washed Whatman 40 paper in n- 
propanol-ammonium sulfate-0.1 M-sodium phosphate, p H  6-8 (600 g ammonium sulfate/l. 
of buffer, to which is added 20 ml. n-propanol). 

Radioactivity WIN measured in a liquid-scintillation counter with 2,5-diphenyloxazole 
and 1,4-bis-2-(4-methyl-6-phenyloxazolyl) -benzene in toluene. [3H]RNA samples were 
prepared by cold TCA precipitation after addition of carrier yeaat RNA, and solution of 
the washed precipitate in hyamine. [3zP]RNA samples were washed and counted on 
Whatman 3MM filter paper discs. 

Source of chemicals. 5-Fluorouracil was kindly supplied by Dr R. Duschinsky of 
Hoffman-La Roche, Inc., Nutley, N.J. CsCl was obtained from Penn Rare Metals, Inc., 
Revere, Pa., and Cs,S04 from Gallard-Schlesinger Chemical Mfg. Corp., Carle Place, 
N.Y. Tritiated FU waa purchaaed from Nuclear Chicago, De Plaines, Ill. and tritiated 
adenosine from the New England Nuclear Corp.. Boston, Maw. DNase and lysozyme 
were obtained from Worthington Biochemical Corp., Freehold, N.J. 
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3. Results 
Effect of 5-jlwourad on yield of infective virus 

I n  a cycle of growth of MS2, FU inhibited the formation of infective phage (Shimura 
& Nathans, 1964). (Similar observations have been made with f2 by Cooper t 
Zinder (1962) and with fOANl by Davern (1964).) The extent of inhibition was 
strikingly dependent on the time of addition of RJ; when the analog a t  a concentra- 
tion of 30 pglml. was added soon after infection, there was a marked decrease in yield 
of infective phage, whereas addition of FU at later times during infection led to pro- 
gressively greater yields of infective particles (Figs 1 and 2). In a separate experiment, 
the average burst size after addition of 30 pg FU/ml. at five minutes was 2.6, in 
contrast to a burst size of 60 when FU was added a t  17 minutes, and 1600 in the 
absence of FU. As shown in Fig. 2, there is a rather precise time during the growth 
cycle after which addition of FU allows the formation of infective progeny. This time 
(13 minutes under the conditions of the experiment presented) oorresponds to the 
time of onset of phage RNA synthesis determined with closely related RNA 
coliphages (Cooper & Zinder, 1963; Paranchych, 1963). We shall refer to the period 
of the growth cycle prior to the critical time, in which high concentrations of FU 
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F I ~ .  1. Effect of FU on growth of MS2. E .  coli C3000 waa grown in salts-glutamate medium in 
a bubbler tube at 37°C. When the cells reached a concentration of 8 x 1OB/ml., they were infect.ed 
at an input multiplicity of 9 and phage assayed at various times in chloroform-lysozyme treated 
portions ( 0). At 6 min ( 0 )  and 30 min (0) after infection, portions of the culture were added to 
FU to give a concentration of 30 p g / d .  
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FIG. 2. Effect of time of addition of FU on yield of infective phage. Conditions of infection 
were the same as in Fig. 1. At the times noted in the Figure (minutes after infection), portions of 
the infected culture were added to FU to give a concentration of 30 pg/ml. After a total of 60 niin 
growth in a bubbler tube, the cells were lysed and phage assayed. 
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F I ~ .  3. Effect of early addition of FU at various concentrations on yield of infective phage. 
conditions of infection were the same aa in Fig. 1. 6 min after infection, portions of the culture 
were distributed into tubem containing FU to give the concentrations indicated. At 60 min, total 
phage waa assayed in each sample. 
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essentially prevent the formation of infective particles, as the “early” period, and 
the period after this critical time aa the “late” period. 

In  Figs 3 and 4 is shown the relationship between the concentration of E‘u in the 
medium and the final yield of infective virus for both the early and late additions of 
FU. For maximum early effect, about 20 pglml. of FU was required; and for maximum 
late effect, about 6 pg/ml. As shown in Fig. 4, there was little or no change in yield 
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FIU. 4. Effect of late addition of FU at various concentrations on the yield of infective phage. 
Conditiona as in Fig. 3, except that portions of the infected culture were transferred to tubee 
with FU at 17 min after infection. 

of infective particles between FU concentrations of 6 and 70 p g / d .  These levels of 
FIT correspond to approximately 77 and 80% replacement of uracil by FU, respec- 
tively (see below). 

E f f d  of S-$u~rouracil on yield of physical virus particles 
The results presented above refer only to the effect of FU on yield of infective 

particles. When the yield of physical virus particles was determined after early or 
late addition of 30 or 60 pg/ml. FU, analogous results were obtained: early addition 
of FU prevented formation of detectable progeny phage, whereas late addition of 
FU allowed phage to be formed (Fig. 5) .  As seen in Fig. S(b), no virus was detectable 
either by absorbance at 260 mp or by incorporation of radioactive FU when the latter 
was added early. After late addition of FU, however, two virus peaks differing in 
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FIG. 5. Physical phage yield on addition of FU. Conditions of infection as in previous Figures. 
A t  5 and 20 min, 10-ml. portions of the infected culture were added to bubbler t u b  containing 
r3H]FU (0-4 mc, 600 pg). After cell lysis at 60 min, phage titers were 88 follows: in the absence 
of FU, 2 . 0 ~  lo1, p.f.u./ml.; FU at 6 min, 1 x lolo; FU et 20 min. 6-1 x loll. The lysates were 
treated aa described under Matariala and Methods for purification of MS2. In  the Figurea the 
analysis of CsCl gradient fractions is presented: -@-0--, absorbancy; --o--O--, 
radioactivity. (a) No FU, A,,, determined at a dilution of 1:200. (b) FU at 5 min, A,,, determined 
at a dilution of 1:5 and radioactivity measured in cold TCA precipitate of 1/10 portion of each 
fraction. (0) FU at 20 min. A,,, and radioactivity determined aa in (b). Total fractions: (a) 98: 
(b) 86; (c) 94. 

buoyant density in CsCl were detectable (Fig. 5(c)), the heavier corresponding to 
phage conhining FU. (In many similar experiments in which E3H]FU was added 
late, FU phage was consistently more dense than normal MS2, but a single broad 
A,,, peak was often observed in the fractions collected, even though two distinct 
bands could be seen in the CsCl tube.) That the two phage peaks are distinct and 
represent, respectively, normal MS2 the RNA of which was synthesized prior to 
addition of FU and denser FU phage formed after addition of FU is shown by an 
experiment in which [3H]adenosine was present prior to addition of FU, and 
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[3aP]orthophosphate was present after addition of FU. As seen in Fig. 6, normal 
phage containing [3H]adenosins banded a t  a density of 1.424, whereas FU phage 
containing banded a t  a density of 1.436. 

Fraction no. 

FIQ. 6. Identification of normal and FU phage from the same growth f l d .  100 ml. of E. coli 
C3000 growing in low-phosphate medium at 37°C was infected at an input multiplicity of 10. At 
5 min, 60 pc C3H]adenosine was added (200pc/pmole) and at 16 min excem non-radioactive 
adenosine. At 18 min FU was added M give 60 pg/ml.. and at 20 rnin 0.1 mc of [3zP]orthophosphate 
w m  introduced. Phage was harvested at 80 rnin (1.1 x 1011 p.f.u.fm1.) and purified as described 
in Materials and Methods. Shown in the Figure is the analysis of CBCl fraction8 for radioactivity 
(-e--.-, 3H; --O--O--, 3 T )  in RNA, measured on 1/80 of each fraction. A total of 
107 fractions wea collected. Buoyant density (p) is plotted ae glml. (+). 

The actual yield of total phage particles after late addition of F'U was determined 
by measuring the incorporation of [3H]adenosine into purified phage (Tahle 1). 
When FU was added 17 minutes after infection, at a concentration of either 6 or 
30 pg/ml., the total yield of phage was about 50% of normal in each case. I n  the same 
experiment the yield of infective particles fell to 0.1 and 0.06 of the control, 
respectively (Table 1). Hence, the specific infectivity of the progeny phage is less than 
normal (see below). 

TABLE I 
Yield of p?mge after late addition of 5-$uorouracil 

Concn FU Infective phage Physical phage 
(flglml.) (p.f.u./ml.) (pgglmg reference phage) 

0 3.4 x 10" 
6 3.2 x loll 

30 2.1 x 10" 

120 
59 
70 

~ ~~ 

Cells growing in 35 ml. salts-glutamate medium in t l  bubbler tube were infected with YS2 at 
an input multiplicity of 10. 1 rnin after infection 80 pc [3H]adenosine was added (1 c/rn-mole). 
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and a t  17 min 5-ml. portions were transferred to tubes containing sufficient FU to give con- 
centrations of 0, 6 or 30 pg/ml. The cells were lysed at 60 min and phage assayed. After addition 
of a 10-fold excess of non-radioactive lysate ria a reference, phage waa purified from each lysate 
&B described in Materials and Methods, and the RNA radioactivity and Aaso of the CsCl gradient 
fractions determined. Actual radioactivity was in the range of 40,000 to 80,000 ctslmin. The 
specific activities of 2’,3’-AMP and 2’,3’-GMP from alkaline digests of the total RNA of each 
lysate were measured and found to be nearly identical in the three lysates (2.4 x IO6 cts/min/pmole 
for AMP and 4.1 x lo5 cts/min/pmole for GMP). These values, together with the analytical data 
of Strausa 8 Sinsheimer (1963), were used to calculate the physical phage yield. 

dppearn~tce of a “light peak” in cesium chloride 
In all experiments in which phage has been isolated following late addition of 

FU, a broad ultraviolet-absorbing “light peak” appeared in the CsC1 gradient a t  a 
density of approximately 1.39 (see Figs 5(c) and 6). The amount of this materialvaried 
in different preparations, and often exceeded the quantity of normal and FU phage 
combined (Fig. 7). We have not observed a similar light peak in the absence of FU 
(Fig. 5(a)). The ultraviolet spectrum of this material, shown in Fig. 8, indicates that 

Fraction no. 

FIG. 7. Light peak appearing after late addition of FU. Conditions of infection as given in Fig. 1, 
except that growth proceeded in a flask containing 600 ml. of medium, and FU a t  60 pg/ml. wria 
added at 10 min after infection. (Since t,he entire growth cycle waa found to be accelerated in a 
rapidly-shaken flask relative to the growth cycle in bubbler tubes, this time is equivalent to 
about 15 miri in a bubbler tube.) In the Figure is shown the absorbancy at 260mp of 1:500 
dilutions of the CsCl fractions. A total of 89 fractions was collected. Normal MS2 is expected to 
form a peak a t  fraction 39. 

it has a higher protein:RNA ratio than normal MS2, as expected from its buoyant 
density. The observations that it contains FU-RNA (Figs 5(c) and 6) and that i t  
reacts with antiserum to MS2 suggest that the light peak material is incomplete 
phage with fragments of RNA. More detailed studies are in progress to identify i t  
with greater certainty. 

18 
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Wavelength (mp) 

‘FIG. 8. Ultraviolet spectra of the “light peek” (-O-O-) and normal MS2 --.--.-- at 
pH 7. 

Purijieoltion of FU phage by cesium chloride centrifugation 

The greater buoyant density of FU phage compared to normal MS2 provides a 
method of purifying the analog-containing virus. By re-banding the denser fractione 
of the phage peak in CsCl, it has been possible to prepare FU phage the uracil of 
which is largely replaced by F’U, free or almost free of normal MS2. Usually two 
rum in Cscl have been sufficient for this purpose (see Fig. Il(a)), provided the leae 
dense fractions are excluded. 

Density of FU-RNA 
On the bttsis of the evidence presented so far, it is not possible to conclude that 

the high buoyant density of FU phage is due to altered density of ita RNA. Direct 
examination in CglS04 of the density of RNA extracted from purified FU phage, 
however, revealed that FU-RNA is considerably denser than normal MS2 RNA 
(Fig. 9). The density in CS2SO4 of F’U-RNA exceeded that of normal RNA by 
0.031 glml., whereas the density in CsCl of the FU phage from which the RNA wa8 
extracted exceeded that of normal MS2 by 0.012 g/ml. This difference suggests that 
the high density of FU phage is due to the dense RNA which it contains. 

Demity of FU phage as a function of percentage replacement of uracil by 
B-jeuorouracil 

E’U phage containing 32P was prepared by growing phage in the presence of FU 
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Fraction no. 
FIG. 9. Buoyant density of FU-RNA in ChS04. [3'P]FU phage from the experiment shown in 
Figure 6 waa re-centrifuged in CSCI, and after dialysia of the phage against 0.1 ~-aodium phosphate 
buffer of pH 6.8, RNA was extracted. A ample of this RNA containing 2500 ctslmin waa mixed 
with 1 O.D. unit of normal MS2 RNA and the mixture centrifuged in %SOI (p = 1-60)-&06 M- 
sodium phosphate @H 6.8) at 37,000 rev./& in the Spinco SW39 rotor for 60 hr at a centrifuge 
setting of 40'F. 132 fractions (3.46 cc total) were collected. Abeorbancy at 260 mp (-@-e-) 
was measured tlt a dilution of 15, and radioactivity in RNA (--O--O--) waa determined 
on 510 of each fraction; deneity, (-+-+-). 

a t  concentrations of 1 , 3 , 6  and 60 pg/ml. FU was added a t  14 minutes a h r  infection 
and [32P]orthophosphate a t  16 minutes. Phage was purified as described in Materials 
and Methods; but prior to banding in CsC1, [3H]tyrosine-labeled normal MS2 was 
added as a density reference. After determination of the density of each F'U phage 
preparation, [3aP]RNA waa prepared from each sample. The RNA was hydrolyzed 
in 0.3 M-KOH overnight at 35°C and the resulting nucleotides subjected to eleotro- 
phoresis as described in Materi& and Methods (amounte giving approximately 
50,000 ctslmin of each sample were applied to paper). As shown by radioautography, 
2',3'-uMp and a radioactive compound corresponding in mobility to that reported 

TABLE 2 
Relation of 5-$uorouracil content and density of phase 

1 12 0.002 
3 47 0.005 
6 77 0.009 

60 t 80 0.010 

t Density difference is the density of FU phqe minus the deneity of reference MS2. 
$ Separate experiment. 
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for 2',3'-FUMP (Gordon & Staehelin, 1959) were clearly separated. The UMP and 
FUMP spots were cut out and counted to determine the percentage replacement of 
uracil by FU. The results, presented in Table 2, demonstrate the direct relationship 
between percentage replacement of uracil by FU and the buoyant density of the FU 
phage. 

Sedimentation rates of FU p h q e  and FU-RNA 
Sedimentation rates of purified FU phage and FU-RNA were compared to  those 

of normal preparations grown and purified a t  the same time. (We are indebted to 
Dr W. Moller for these determinations.) Fu phage was grown in the presence of 
60 pg/ml. of FU, a t  which concentration 80% of uracil is replaced by FU (see above). 
S,o values of the MS2 preparations measured in 0.1 M-sodium phosphate (pH 6-8) 
were 69.6 s for the normal and 70.4 s for FU phage. FU-RNA extracted from this 
phage preparation had an S,, value of 33.6 s in 0.01 M-tris HCl (pH 7-4)401 M- 
magnesium acetate, whereas normal RNA had a value of 34.3 s in the same solvent. 
(This was the value of the major and fastest component; there was evidence of some 
breakdown of RNA in both preparations.) Sedimentation-velocity measurements 
thus indicate that there is no gross difference in the structure of FU phage or FU-RNA 
compared to normal. 

Melting pro$le of PU- R N A  
The melting profile of FU-RNA was examined, since a less ordered structure might 

contribute to the increase in buoyant density of FU phage and its RNA. As shown 
in Fig. 10, the melting profile of FU-RNA differed only slightly from normal; the 
T, of each preparation was 61.5"C. In  two separate preparations the maximum 

Temperature (OC) 

Ffa. 10. Melting cucve~ of normal and FU-RNA. Purified FU phage prepared in the presence 
of 60 pg FUlrnl. and normal MS2 prepared in parallel were dialyzed in the same flask against 
0.1 m-sodium phosphata buffer of pH 6.8. RNA waa extracted from each phage preparation and 
the optical density at 269 mp determined in a heated cell-holder at the temperatures indicated. 
Normal RNA, -O-(j--; FU-RNA, --.--.--. 
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hyperchromicity of FU-RNA wits 12 and 11% less than that of normal MS2 RNA 
prepared in parallel. The significance of this observation is not known. 

Infectivity of FU phage 
The infectivity of several preparations of purified FU phage was compared with 

normal MS2 prepared simultaneously either from the same growth flask or from EL 

parallel flask. As indicated in Table 3, the specific infectivity of FU phage prepared 
in the presence of 15 to 60 pg/ml. (approximately 80% replacement of uracil by FII) 
is less than normal. Although there is variable loss of infectivity during purification, 

Fraction no. 
FIQ. 11. Infectivity of FU phage. After growth in the presence of 60 pg FU/ml., phage wae 

pursed as described in Materials and Methods and the denser half of the CeCl gradient peak wm 
re-centrifuged in CSCI (a). Frations were titrated (--O--O--) and AZ6,, determined at a 
dilution of 1:500 (--@-@-), Part of fraction 39 WM again banded in CsCl (b). In (b) Aoeo waa 
measured at a dilution of 1 :5.  Total fractions: (a) 83; (b) 93. Density, - X- x-. 
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TABLE 3 
Bpecijc infectivity of 5-fEwouracil p k e  

Concn FU Experiment 
(cl%/ml.) 

Normal FU/normd p.f.u.l.o.0. unit 
Fu 

1 16 1.3 X 1011 3.3 x 10'0 0.25 
a 30 2.3 X IO'" 6.8 x 10" 0.20 
3 60 0.0 X 10" 1.2 x 10" 0.20 
4 00 2.7 X 10'" 1.3 X 10" 0.05 

In experimenta 1, 2 and 3, normal and FU phage were separated from the same lysate. In 
experiment 4, normal MS2 was prepmed in a parallel fleak. 

the difference in specific infectivity between normal and Fu phage prepared and 
purified together is a consistent finding. This difference in infectivity is seen most 
strikingly in an experiment in which fractions of the infective phage banded in a 
sharp peak at the expected density of normal MS2, whereas a smaller peak of 
infectivity corresponded to the A,,, peak of FU phage (Fig. l l (a)) .  That this minor 
peak of infectivity was actually due to FU phage and not to smearing of the normal 
phage peak was shown by re-banding a portion of the FU phage; as seen in Fig. 
Il(b) the infectivity corresponded to the Aneo peak of FU phage. 

4. Discussion 
Effect of 5-fEwrouracil on phage development 

The mechanism whereby high concentrations of FU added prior to a critical time 
in the growth cycle of MS2 inhibit the formation of physical phage particles is not 
known. It does not appear to be due to inhibition of thymidylate synthesis (Cooper 
& Zinder, 1962), to interference with synthesis of the new RNA-dependent RNA 
polymerase (Lodish, Cooper & Zinder, lW), or to a side effect of F U  on cellular 
metabolism, for example, cell wall synthesis (Tomasz & Borek, 1962), since ody 
slightly later addition of FU leads to substantial yields of virus. The correspondence 
of this critical time to the onset of RNA synthesis in related phage systems (Cooper 
& Zinder, 1963; Paranchych, 1963) suggests that FU interferes with the formation 
or expression of new RNA molecules. For example, it may interfere with the 
formation or function of a replicative form (Weissmann, Borst, Burdon, Billeter & 
Ochoa, 1964; Kelly & Sinsheimer, 1964); or it may alter the expression of new RNA 
for the synthesis of coat protein or an essential enzyme at  present undetected. In 
view of the continued synthesis of host RNA during phage development (Cooper 
& Zinder, 1962), one also cannot exclude an effect on host RNA. 

The infectivity of FU viruses is of course relevant to the question of altered 
expression of FU-RNA (cf. Gordon & Staehelin, 1959; Munyon & Salzman, 1962; 
Davern, 1964). The fact that FU phage has only moderately reduced specific infec- 
tivity indicates that the infecting FU-RNA, even with SO% of ifs uracil replaced by 
FU, can serve as template for at least some active molecules of plymeraw, and that 
a t  least some of the RNA made on this template functions in coat protein synthesis 
a8 well 88 in subsequent rounds of infection. However, we have found that the average 
burst size on infection with Fuphage is reduced compared to normal both with 
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respect to infective progeny and yield of physical virus. b o ,  it has been reported 
recently that FU is mutagenic for poliovirus (Cooper, 1964) and for an RNA 
coliphage (fCAN1) related fo MS2 (Davern, 1964). It is therefore clear that the 
function of FU-RNA in the infected' cell is abnormal. 

Buoyant denS;ty of FU phage and FU-RNA 
The increaeed buoyant density of FU phage appears to be due to an increased 

density of its RNA. There is a direct relationship between the degree of replacement 
of uracil by E'[T and the buoyant density of E"LT phage. It seems likely, therefore, that 
the substitution of fluorine for hydrogen is the primary cause of the altered density. 
This property of RNA which contains FU may prove useful in future investigations 
of RNA function. 
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